The aim of this study was to determine the validity of the hypothesis that excitatory amino acids are related to phosphorylation potential during primary and secondary cerebral energy failure observed in asphyxiated infants. We report here the results of experiments using newborn piglets subjected to severe transient cerebral hypoxia-ischemia followed by resuscitation. We examined cerebral energy metabolism by phosphorus nuclear magnetic resonance spectroscopy and changes in levels of amino acid neurotransmitters in the cortex by microdialysis before, during, and up to 24 h after the hypoxic-ischemic insult. The concentrations of aspartate, glutamate, taurine, and ␥-aminobutyric acid were significantly elevated during the hypoxicischemic insult compared with prebaseline values. Shortly after resuscitation, glutamate, taurine, and ␥-aminobutyric acid concentrations decreased but then began to increase again. These secondary elevations were greater than the primary elevations. A negative linear correlation was found between primary interstitial levels of glutamate and taurine and minimum values of phosphocreatine/inorganic phosphate during the secondary energy failure. The cerebral energy state depended on the time course of changes in excitatory amino acids, suggesting that amino acids play distinct roles during the early and delayed phases of injury. Abbreviations FIO 2 , fraction of inspired oxygen GABA, ␥-aminobutyric acid PCr, phosphocreatine Pi, inorganic phosphate 31 P-MRS, phosphorus nuclear magnetic resonance spectroscopy Perinatal hypoxic-ischemic encephalopathy remains a major cause of permanent neurodevelopmental disability and infant mortality (1-4). High-energy phosphate metabolites in the brains of asphyxiated infants studied by phosphorus nuclear magnetic resonance spectroscopy ( 31 P-MRS) on the first day of life showed no differences from that in normal infants. However, inverse changes in the concentrations of phosphocreatine (PCr) and inorganic phosphate (Pi) cause a significant reduction in the [PCr]/[Pi] ratio over the next several days despite optimal medical management. Low values of [PCr]/[Pi] were founded to be associated with a very poor prognosis for survival and early neurodevelopmental outcome (5, 6). The late metabolic deterioration that characterizes such infants indicates that there is chronic metabolic stress and suggests that there may be a therapeutic window in which appropriate therapy could markedly improve outcome. The origin of this secondary energy failure is probably multifactorial and related to a combination of prolonged exposure to excitatory amino acids (which initiates cellular damage mediated by Ca 2ϩ and nitric oxide), damage caused by free radicals, immunocytotoxic reactions, impairment of protein synthesis, lack of growth factors, and decreased cerebral blood flow and oxygen delivery as a result of progressive cerebral edema (7-9). Several methods for preventing secondary brain damage have been proposed (10 -15).
Perinatal hypoxic-ischemic encephalopathy remains a major cause of permanent neurodevelopmental disability and infant mortality (1) (2) (3) (4) . High-energy phosphate metabolites in the brains of asphyxiated infants studied by phosphorus nuclear magnetic resonance spectroscopy ( 31 P-MRS) on the first day of life showed no differences from that in normal infants. However, inverse changes in the concentrations of phosphocreatine (PCr) and inorganic phosphate (Pi) cause a significant reduction in the [PCr]/[Pi] ratio over the next several days despite optimal medical management. Low values of [PCr]/[Pi] were founded to be associated with a very poor prognosis for survival and early neurodevelopmental outcome (5, 6) . The late metabolic deterioration that characterizes such infants indicates that there is chronic metabolic stress and suggests that there may be a therapeutic window in which appropriate therapy could markedly improve outcome. The origin of this secondary energy failure is probably multifactorial and related to a combination of prolonged exposure to excitatory amino acids (which initiates cellular damage mediated by Ca 2ϩ and nitric oxide), damage caused by free radicals, immunocytotoxic reactions, impairment of protein synthesis, lack of growth factors, and decreased cerebral blood flow and oxygen delivery as a result of progressive cerebral edema (7) (8) (9) . Several methods for preventing secondary brain damage have been proposed (10 -15) .
Some animal studies using 31 P-MRS and proton magnetic resonance spectroscopy have demonstrated that transient hypoxia-ischemia is followed by impairment of energy metabolism 8 -12 h after the initial injury (16 -19) . In this study, we subjected newborn piglets to severe transient cerebral hypoxicischemic insult followed by resuscitation, and we observed cerebral energy metabolism by 31 P-MRS and changes in levels of amino acid neurotransmitters in the cortex by microdialysis before the insult, during the insult, and up to 24 h after the insult. The aim of this study was to determine the validity of the hypothesis that changes in excitatory amino acids are related to changes in phosphorylation potential during primary and secondary cerebral energy failure as assessed by 31 P-MRS.
METHODS
Animal preparation. The protocols for animal care were in compliance with institutional guidelines. Fifteen newborn piglets (seven used for the cerebral hypoxic-ischemic insult experiment and eight used as control) that were obtained within 24 h of birth and weighed 1.53-1.90 kg were each anesthetized with an intramuscular injection of sodium pentobarbital (2 mg/kg). The umbilical artery of each piglet was cannulated with a polyethylene tube for blood pressure monitoring and for blood sampling. A solution of 0.9% saline containing 1 U of heparin per 1 mL was infused at a rate of 2 mL/h through an arterial catheter attached to a strain-gauge blood pressure transducer. Maintenance solution (KN3B; Otsuka Pharmaceutical Co., Tokyo, Japan) was infused continuously at a rate of 4 mL · kg Ϫ1 · h Ϫ1 via the umbilical vein. Each piglet was then paralyzed with pancuronium bromide at an initial dose of 0.1 mg/kg followed by infusion at 0.1 mg · kg Ϫ1 · h Ϫ1 , anesthetized with fentanyl citrate at an initial dose of 10 g/kg followed by infusion at 5 g · kg Ϫ1 · h Ϫ1 , intubated, and mechanically ventilated with an infant ventilator. Fraction of inspired oxygen (FIO 2 ) was monitored with an oxygen electrode and adjusted to provide a PaO 2 level of 70 -100 mm Hg. PaCO 2 was maintained in the range of 35-45 mm Hg. Respiration and acid-base balance were checked by arterial blood gas analysis before, during, and after the hypoxic-ischemic insult. Ampicillin and cloxacillin sodium (100 mg/kg) were given every 12 h to prevent infection. PaO 2 , PaCO 2 , pH, electrolyte, glucose, and lactate levels were measured by standard techniques. Throughout the experiment, rectal temperature was monitored and maintained between 38.0°C and 39.0°C using a heated-water mattress.
Microdialysis methods. Each piglet was then placed in the prone position with the head positioned in a stereotaxic holder. The scalp was removed to expose the skull. A hole of approximately 3 mm in diameter was drilled through the skull. A microdialysis probe was inserted through the dura and implanted in the cerebral cortex (4 mm posterior and 4 mm lateral to the bregma and 6 mm vertical from the dura) in the position of the 31 P-MRS surface coil. Several pilot studies were performed before the present study to determine accurately the coordinates for the cerebral cortex. The probe was perfused with artificial CSF (148 mM of NaCl, 2.7 mM of KCl, 1.2 mM of CaCl 2 , and 0.85 mM of MgCl 2 ) at a flow rate of 2.0 L/min using a microinfusion pump (Eicom, Kyoto, Japan). After an equilibrium period of 6 h, samples were collected 1 h before, during, and 3 h after the insult and then every 3 h until 24 h after the insult.
HPLC analysis. The HPLC system consisted of a liquid chromatograph pump (LC-9A; Shimadzu, Kyoto, Japan), spectrofluorometric detector (RF10A; Shimadzu), and integrator (Chromatopac C-R6A; Shimadzu). The dialysates were kept at Ϫ80°C until analysis. Amino acids were analyzed using gradient HPLC with fluorescence detection and prelabeled derivitization with o-phthaldialdehyde according to the method previously reported (20) . The perfusate (30 L) was reacted with 10 L of 20 mM o-phthalaldehyde regent. After a 2.5-min reaction period at 10.0°C, 10 L of the derivatized sample mixture was autoinjected into the HPLC system (Gilson Model-231XL; Gilson, Villiersle Bel, France). Amino acid derivatives were then separated at a flow rate of 0.23 mL/min on an Eicompack SC-5ODS column (2.1 ϫ 150 mm; Eicom) using an isocratic mobile phase of 70% sodium phosphate buffer (0.1 M, pH 6.0) and 30% methanol containing 5 mg of EDTA-2 Na. The concentrations of amino acids in the perfusate were measured by the peak area fluorescent intensity at an excitation of 340 nm and an emission of 445 nm and calculated by measurement.
31 P-MRS. A 2.0 Tesla P-NMR spectroscopy system (Model BEM 250/80, 2.0 Tesla; Otsuka-Electronics, Osaka, Japan) was used to measure [PCr] and [Pi] . A surface coil of 3 cm in diameter was placed on the top of the skull with the scalp removed. A mean value of 0.4 ppm for the half-height line width in the water peak was established by shimming. A radio frequency pulse of 35.8 MHz was transmitted and received with the same coil at a pulse interval of 2.0 s. The conditions for measurement were a spectral width of 5 kHz, spectral data size of 1024 points, a 25-s pulse width, and sum of 150 samples (total 5 min). We recognized that optimal spectral analysis is facilitated by a curve-fitting deconvolution routine. However, because a curve-fitting deconvolution routine is not available and a linear correlation was demonstrated between metabolite ratios calculated from peak heights and peak area (21) , the spectra were analyzed by measuring the peak height from the baseline. Hypoxic-ischemic insult. After baseline observations, seven piglets underwent cerebral hypoxic-ischemic insult for 75-105 min (mean period, 87 min) induced by inflating a blood pressure cuff positioned around the piglet's neck and reducing the inspired oxygen fraction to 0.10 -0.06. Tolazoline hydrochloride (1-3 mg/kg) was used to prevent a rise in blood pressure during the insult. After the [PCr] peak had disappeared and [␤-ATP] had then decreased, the piglets were resuscitated if the [Pi] peak remained constant for a period of 20 -25 min. Resuscitation was performed by stopping inflation of the blood pressure cuff and providing an FIO 2 of 0.60, which was reduced as appropriate to normalize PaO 2 after 30 min of resuscitation. Observations were continued for 24 h after resuscitation. During this period, all piglets received 10 -20 mL of 5% pig albumin solution and noradrenaline to prevent hypotension. A base excess value of ϽϪ5.0 mM, which was caused by hypoxia-ischemia, was corrected as much as possible by sodium bicarbonate infusion to maintain pH between 7.1 and 7.5. After 24 h, the animals were killed, and the brain of each animal was perfused through the left ventricle with 0.9% 274 saline and phosphate-buffered paraformaldehyde for another histologic experiment.
Statistical analysis. The Stat-View 5.01 package for the Macintosh computer was used for statistical analysis. Comparisons of values obtained in the animals that had been subjected to hypoxic-ischemic insult and the control animals were made by the Mann-Whitney U test for physiologic parameters and [PCr]/[Pi] values. Analysis of amino acids was carried out by repeated-measures ANOVA using values obtained from 3 h after resuscitation. Values obtained at different times after baseline were compared by Wilcoxon's signed-rank test. The level of statistical significance was set at a probability of p Ͻ 0.05 for all tests. All measurement results are expressed as means Ϯ SD.
RESULTS
Physiologic parameters. Heart rates; mean arterial blood pressures; rectal temperatures; and levels of arterial pH, PaO 2 , PaCO 2 , blood glucose, and lactate in the control group and experimental group are shown in Tables 1 and 2 , respectively. No changes occurred during the 24-h period in the control group. In the experimental group, the most significant changes were decreases in heart rate, mean arterial blood pressure, arterial pH, and PaO 2 and increase in lactate from the preinsult values during the period of acute hypoxic-ischemic insult. These values, except for that of lactate, subsequently returned to normal. Blood glucose level increased from 6 h after resuscitation. in the control group (F; n ϭ 8) and insult group of piglets whose brains were subjected to acute hypoxia-ischemia (E; n ϭ 7). Each value is the mean and SD. Time 0 means the start of resuscitation after hypoxia-ischemia. *p Ͻ 0.05 vs preinsult basal level using Wilcoxon's signed rank test; #p Ͻ 0.05 vs control group using the Mann-Whitney U test.
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Changes in interstitial levels of amino acids during the insult. The baseline interstitial values of amino acids in the cortical dialysate samples from 15 piglets are shown in Table  3 . The levels of amino acids in the dialysate increased shortly after the onset of insult (Fig. 2) , and the levels of all amino acids except glutamine reached a peak during a period of 2 h after resuscitation. The levels of those amino acids decreased after resuscitation. The level of taurine decreased slightly after resuscitation but remained significantly higher than the baseline level for 3 h into reperfusion.
Changes in interstitial levels of amino acids during the period of secondary energy failure. In the experimental group, the concentrations of all amino acids except taurine and glutamine briefly normalized shortly after resuscitation. The concentrations of all amino acids then began to increase again and were higher than the baseline concentrations at 24 h after reperfusion. These secondary elevations reached levels that were comparable with or even greater than the primary elevations. However, the amino acids for which the levels increased to significantly higher levels than the baseline levels were glutamate, taurine, and alanine. The levels of those amino acids as well as that of ␥-aminobutyric acid (GABA) were significantly higher than the levels in the control group at 24 h after resuscitation.
Correlations between primary interstitial levels of amino acids and acute depletion of [PCr]/[Pi] during the insult. The severity of the cerebral acute cerebral hypoxic-ischemic insults was determined by the time integral of depletion of [PCr]/ [Pi] in the period from 1 h before resuscitation to 3 h after resus- Figure 4 , primary interstitial levels of glutamate, serine, taurine, and alanine in the experimental group showed negative correlations with minimum values of [PCr]/[Pi] during the period of secondary energy failure. However, there were no significant correlations in interstitial levels of aspartate, asparagine, glutamine, arginine, and GABA.
DISCUSSION
The present findings demonstrate a distinct sequence of changes in the concentrations of amino acids during the early and delayed phases of hypoxic-ischemic injury. It is particularly notable that the interstitial levels of glutamate, serine, taurine, and alanine during hypoxic-ischemic insult showed significant negative correlations with minimum values of [PCr]/[Pi] during the period of secondary energy failure.
Results of several studies using animal models of secondary energy failure in asphyxiated infants have been reported (22) . Lorek et al. (16) reported that levels of brain high-energy phosphate compounds declined to 30% of baseline levels in piglets during a reversible hypoxic-ischemic insult induced by temporarily occluding both of the carotid arteries, progressively reducing FIO 2 , and preventing hypertension by using isoflurane 
) used newborn piglets in which both carotid arteries were reversibly ligated, blood pressure was reduced by one third by hemorrhage, and hypoxia was induced by reducing inspired oxygen. In the present study, we used a newborn piglet model of hypoxia-ischemia that was induced by combining neck compression with hypotension using tolazoline hydrochloride and hypoxia. We found that [PCr]/[Pi] decreased during the hypoxic-ischemic insult to 0.27 and became more than 1, close to the baseline level, at 2-3 h after resuscitation and thereafter progressively decreased despite that there was no acidosis, hypoxia, or hypotension. These results indicate that our hypoxic-ischemic piglet model is suitable as a model of secondary energy failure in asphyxiated infants.
Our results showed that extracellular levels of amino acids increased during the period of transient hypoxia-ischemia and that the primary interstitial level of glutamate had significant negative correlations with acute depletion of shown that large elevations in concentrations of excitatory amino acids occur during ischemia (25) (26) (27) . Increase in synaptic glutamate levels results in excessive release of glutamate from nerve terminals and reduces uptake of glutamate by re-uptake pumps on glial cells, the action of which normally keeps synaptic glutamate levels low. An increase in glutamate to a high level will trigger excessive activity at glutamate receptors and eventually excitotoxicity to damage of neurons (8) . Furthermore, several studies have shown additional excitotoxicity after reperfusion. Lin et al. (28) reported the occurrence of larger secondary amino acid elevations during reperfusion after multiple ischemic insults that was not seen after a single ischemic insult. Tan et al. (29) found by using a fetal sheep that nitric oxide synthesis increased several hours after a severe hypoxic-ischemic injury and that seizures then occurred and edema developed concomitantly with accumulation of excitatory amino acids. The secondary rise in cortical glutamate concentration corresponds to that in the level of seizure activity. Matsumoto et al. (30) reported that the large secondary elevation in concentrations of transmitter amino acids occurred in the reperfusion phase after 2 h of transient focal ischemia in a rabbit model. They found correlations between primary (ischemic) and secondary (reperfusion) transmitter interstitial levels, suggesting that secondary elevations are 278 related to the severity of the primary insult. Their results and our results indicate that primary and secondary increments in concentrations of excitatory amino acids are one of the factors that cause delayed secondary energy failure. However, we could not determine whether energy change drove amino acids or vice versa in the later phase, and further study is needed.
In this study, taurine concentration increased shortly after the onset of insult and increased again during the secondary energy failure. Taurine is one of the most abundant free amino acids in the CNS and plays a special role in immature brain tissue. This inhibitory amino acid is known to protect neural cells from the excitotoxicity induced by excitatory amino acids and is known as an osmoregulator and neuromodulator (31) (32) (33) . The extracellular concentrations of taurine have been measured by microdialysis in several animal models of ischemic injury. The levels have been found to be increased in the rat striatum (34) and rabbit cerebral cortex (30) after transient focal ischemia. Taurine release during ischemia may be enhanced by several mechanisms, including Ca 2ϩ -dependent membrane transporters and facilitation of diffusion. Moreover, it has been suggested that the enhanced release of excitatory amino acids during ischemia may stem from membrane permeability changes elicited by the activation of phospholipases by elevation of intracellular Ca 2ϩ (35) . Taurine efflux may also be a consequence of a regulatory volume decrease possibly mediated by ion channels and triggered as a response to ischemia-induced cell swelling (36) . Thus, the increases in the concentration of taurine are thought to be due to increases in its extracellular level as a result of neuroprotective action and energy failure.
CONCLUSION
In summary, we evaluated the temporal profile of changes in concentrations of extracellular amino acids during hypoxicischemic insult and after resuscitation. The cerebral energy state was found to depend on changes in excitatory amino acids, suggesting that the amino acids play distinct roles during the early and delayed phases of injury.
